Abstract-Understanding how vascular wall endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts (FBs) sense and transduce the stimuli of hemodynamic forces (shear stress, cyclic strain, and hydrostatic pressure) into intracellular biochemical signals is critical to prevent vascular disease development and progression. ECs lining the vessel lumen directly sense alterations in blood flow shear stress and then communicate with medial SMCs and adventitial FBs to regulate vessel function and disease. Shear stress mechanotransduction in ECs has been extensively studied and reviewed. In the case of endothelial damage, blood flow shear stress may directly act on the superficial layer of SMCs and transmural interstitial flow may be elevated on medial SMCs and adventitial FBs. Therefore, it is also important to investigate direct shear effects on vascular SMCs as well as FBs. The work published in the last two decades has shown that shear stress and interstitial flow have significant influences on vascular SMCs and FBs. This review summarizes work that considered direct shear effects on SMCs and FBs and provides the first comprehensive overview of the underlying mechanisms that modulate SMC secretion, alignment, contraction, proliferation, apoptosis, differentiation, and migration in response to 2-dimensional (2D) laminar, pulsatile, and oscillating flow shear stresses and 3D interstitial flow. A mechanistic model of flow sensing by SMCs is also provided to elucidate possible mechanotransduction pathways through surface glycocalyx, integrins, membrane receptors, ion channels, and primary cilia. Understanding flow-mediated mechanotransduction in SMCs and FBs and the interplay with ECs should be helpful in exploring strategies to prevent flow-initiated atherosclerosis and neointima formation and has implications in vascular tissue engineering.
INTRODUCTION

Smooth Muscle Cells and Fibroblasts in Vascular
Remodeling and Disease
The major functions of vascular smooth muscle cells (SMCs) in the medial layer of the arterial wall are to maintain and regulate blood vessel tone, blood pressure, and blood flow distribution. 62 Within adult blood vessels, SMCs have an extremely low proliferation rate and synthetic activity, and express a unique repertoire of contractile proteins required for cell contractile function. 63 However, SMCs possess remarkable plasticity that allows rather profound and reversible changes in phenotype between a contractile state and a synthetic state in response to alterations in local environmental cues that plays a crucial role in vascular repair and remodeling. 49, 63, 72, 79 Furthermore, SMCs may contribute to vascular lesion formation, including neointima formation and atherosclerosis by activation and migration from the media into the intima under abnormal environmental conditions. 20, 49, 63 In vivo work has shown that adventitial fibroblasts (FBs) and their activated counterpart, myofibroblasts (MFBs), also contribute to neointima formation following vascular injury. 42, 86 In response to vascular injury, in a manner similar to medial SMCs, adventitial FBs can be rapidly activated and undergo dramatic changes in phenotype, proliferation, and migration, that contribute to neointima formation. 80, 94 Neointima formation is often induced in regions where the endothelium has been damaged by vascular procedures such as angioplasty or at the anastomoses of vascular grafts. In addition, atherosclerosis occurs at sites where the blood flow is disturbed.
alteration. 14 Figure 1 shows the contribution of vascular SMCs and FBs to vascular lesion formation in response to vascular injury.
SMCs and FBs Are Exposed to Fluid Flow and Shear Stress After Vascular Injury
Vascular SMCs normally reside in a 3-dimensional (3D) environment composed of ECM components mainly collagen and elastic fibers. SMCs are not normally exposed directly to the shear stresses of flowing blood in the vascular system, because the endothelial cell (EC) layer which lines all blood vessels provides the contacting surface for blood flow and the underlying SMCs are shielded. However, in cases of endothelial injury and denudation, the superficial layer of SMCs is exposed directly to blood flow shear stresses at similar levels that ECs experience in intact blood vessel.
A more subtle mechanism by which the medial SMCs are exposed to fluid shear stress is through transmural (interstitial) flow driven by the transvascular pressure differential (arterial pressure-tissue pressure) (Fig. 2) . Because this transmural flow is typically very small (superficial velocity of the order 10 25 to 10 26 cm/s), its possible mechanical effects on SMCs remained unrecognized until Tarbell's group estimated that maximum interstitial shear stresses on SMCs could be of order~1 dyn/cm 2 . [99] [100] [101] 109 Their theory, based on cylindrical cells suspended in a Darcy media, led to the following estimate for the interstitial flow shear stress (s):
where l is the viscosity of interstitial fluid, U is the superficial flow velocity, and K p is the Darcy permeability of the tissues or porous media.
However, SMCs near the fenestral pores may experience much higher transmural interstitial flow shear stresses due to the funneling effect of the pores. 99 Furthermore, the interstitial flow shear stress on adventitial FBs should be lower than on SMCs, since the permeability of ''loose'' adventitia is higher than that of ''dense'' media. 85 In addition, the adventitia of a large artery has its own microvessels (i.e., vasa vasorum and lymphatics). The pressure in the host artery lumen is higher than the pressure within these microvessels, 76 resulting in a convective interstitial flow from the artery lumen towards the adventitia. 52, 76 The interstitial flow pattern within this loose adventitial layer may be very complicated, but the superficial flow velocity is expected to be rather small, resulting in a low flow velocity in the adventitial interstitium and a smaller shear stress on the adventitial FBs than on the medial SMCs.
As shown in Fig. 2 , transmural interstitial flow and shear stress on SMCs and FBs are elevated after chemical or mechanical injury to endothelium and inflammation-or hypertension-induced enhancement of vascular permeability. 52, 77, 102 For example, when the endothelium is denuded, the hydraulic conductance increases 2.5-fold in rabbit aortas 6 and 1.75-fold in rat aortas, 90 which leads to a proportionate increase in interstitial flow shear stress. During wound healing or vascular lesion formation, transmural interstitial flow on SMCs and FBs decreases. A recent study showed that early after endothelial denudation, medial SMCs are rapidly activated and dedifferentiated, while when intimal thickening appears, the majority of medial SMCs are no longer activated. 49 Clearly, the activation profile of SMCs is concomitant with the change in interstitial flow intensity. ).
FIGURE 2. Interstitial flow and shear stress on SMCs and FBs after vascular injury. ECs directly contact blood flow. SMCs and FBs in the intact artery are not exposed to luminal blood flow shear stress, but are exposed to a very low physiological transmural interstitial flow. SMCs near the fenestral pores (FPs) experience higher transmural flow velocity and shear stress than those that are far away from the FPs. After endothelial denudation, the superficial SMCs may be exposed to blood flow, and the medial SMCs and adventitial FBs are exposed to elevated interstitial flow. The thickness of the dashed pink lines indicates the intensity of interstitial flow velocity. IEL: internal elastic lamina; EEL: external elastic lamina; FP: fenestral pore.
ECs sense primarily the blood flow shear stress on their luminal surface. Alterations in hemodynamic environment can be directly sensed by ECs which then communicate to the underlying SMCs and adventitial FBs through paracrine chemical signals to regulate vascular function and disease. 12, 21, 27, 28, 58, 105 In an analogous manner, after vascular injury blood flow shear stress and transmural interstitial flow have direct mechanical influences on SMCs and FBs modulating their vasoactive molecule release, contraction, proliferation, phenotype, and migration and thus play direct roles in vascular function, vascular remodeling, and vascular lesion formation. 77, 85 Most studies of direct shear effects on SMCs have been conducted in vitro, since it is difficult to study direct shear effects on vascular SMCs in vivo due to their location in the vessel wall. The biological effects of fluid flow shear stress on SMCs have been addressed in a number of studies in 2-dimensions (2D) for two decades. The effects of more subtle 3D interstitial flow on SMCs have not gained much attention until recently. This review summarizes these 2D and 3D studies in the following sections and closes with a section on conclusions and future directions.
SHEAR STRESS STIMULATES CYTOKINES AND SIGNALING MOLECULES IN SMCs
Cytokines and vasoactive mediators such as growth factors, nitric oxide (NO), prostaglandin, and other molecules can be secreted by both ECs and SMCs and play critical roles in vessel function and disease. Bodin et al. 7 showed that, unlike vascular ECs, SMCs did not increase release of adenosine triphosphate (ATP) in response to increased flow. However, shear stress (3-25 dyn/cm 2 ) promotes both platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF or FGF-2) release from SMCs. 73, 96, 97 The increased secretion of bFGF may be involved in shear stress-induced angiotensin converting enzyme (ACE) expression. 22 In 2D, shear stress (1 dyn/cm 2 ) can induce a significant up-regulation of prostaglandin (PGE 2 and PGI 2 ) production.
3 Interstitial flow can also induce prostaglandin production in SMCs in 3D, however, the production rate is much lower than observed in 2D. 110 Papadaki et al. 66 presented data indicating that high shear stress down regulates human protease activated receptor-1 (PAR-1) expression, whereas low shear stress up regulates it, consistent with the known variations in human PAR-1 expression in vascular injury and atherosclerosis. In contrast, they showed that tissue plasminogen activator (tPA) expression increases in areas of high shear stress and decreases in areas of low shear stress, where thrombus is likely to form. 66 Shear stress can induce NO production via upregulation of neuronal or inducible nitric oxide synthase (NOS), 23, 67 and NO may crosstalk with prostacyclin. 61 Contradictory to these studies, Wagner et al. 108 observed no induction of inducible NOS in response to fluid shear stress.
Fluid shear stress may perturb the Na + /H + exchanger leading to an increase in pH in SMCs, which is opposite to that in ECs at the same levels of shear stress. 91 Turbulent flow can promote Na + and cholesterol uptake in SMCs. 78 Laminar shear stress also increases Ca 2+ influx. 82 In addition, laminar shear stress promotes translocation of TRPM7, a member of the transient receptor potential (TRP) family of cation channels, to the plasma membrane of A7R5 aortic SMCs, resulting in increased channel activity and increased influx of Ca 2+ and Mg
2+
. 24, 57 In contrast to ECs, vascular SMCs have high levels of TRPM7-like current and TRPM7 protein that can be significantly activated by flow. 24, 57 In vivo, the release of cytokines and alterations in signaling molecules cannot only affect SMC functions via an autocrine pathway, but may also influence other cell types such as ECs and FBs through a paracrine pathway. The ability of shear stress to regulate cytokines, vasoactive mediators, and other signaling molecules in vascular SMCs indicates that shear effects on SMCs may play important roles in maintaining vascular homeostasis and modulating vascular pathologies.
FLOW INDUCES SMC ALIGNMENT AND CONTRACTION
Fluid Flow Induces SMC Alignment
Vascular SMCs and ECs are arranged in distinct patterns in the artery wall. Different types of mechanical stimuli have been shown to regulate vascular cell morphology. Fluid shear stress induces EC orientation and elongation parallel with flow.
8,40
However, Lee et al. 38 demonstrated that laminar shear stress (20 dyn/cm 2 for 48 h) induced perpendicular alignment of SMCs to flow, which varied with the magnitude of and exposure time to shear stress. The alignment of SMCs was also dependent on Ca 2+ and cytoskeleton-based mechanisms. 38 Rice et al. 74 showed that~10 dyn/cm 2 of shear stress induced SMC aligned 45°to the flow direction after 24 h. After exposure to pulsatile strain and shear stress, SMCs seeded onto 3D polymer scaffolds were aligned circumferentially, similar to that of native vascular SMCs. 33 Interstitial flow induces dermal FB alignment perpendicular to flow in 3D collagen gels. 55 In vivo studies show that when applying non-uniform blood flow shear stress on ECs in a vascular polymer implant, SMCs in the implant align perpendicular to luminal flow (parallel to transmural flow) and migrate toward the lumen, while uniform shear stress does not significantly affect SMC alignment and migration. 47, 48 The circumferential orientation of SMCs is important for blood vessels to resist the hoop stresses induced by the blood pressure. Changes in orientation may thus cause blood vessel dysfunction. A better understanding and control of SMC alignment under flow has implications for vascular tissue engineering.
Fluid Flow Induces SMC Contraction in 2D and 3D
The major function of vascular SMCs is contraction. Therefore, it is important to investigate whether fluid shear stress plays any role in myogenic response and flow-mediated vasomotion. Civelek et al.
9 presented the first direct evidence showing that SMCs in a contractile phenotype will indeed contract when exposed to fluid shear stress in 2D. The contractile phenotype of SMCs was induced by removal of serum from normal growth medium. The shear-induced contraction response is regulated by a Rho kinasemediated myosin light chain phosphatase (MLCP) pathway and independent of Ca 2+ . 9 This is consistent with studies of the myogenic response (reduction in vessel diameter after an increase in pressure) in vivo that show a Ca 2+ -independent contraction that is independent of vessel stretch 31 and is regulated by transvascular interstitial flow. 35 Ainslie et al. 1 further showed that the SMC surface glycocalyx components heparan sulfate and chondroitin sulfate may serve as sensors to regulate shear stress-induced contraction.
In unpublished experiments, we suspended serumstarved contractile rat aortic SMCs in 3D collagen type I gels, and after cell spreading, we treated the cells with either serum or KCl. We observed that both serum and KCl significantly induced collagen gel contraction (Fig. 3a) . Using confocal microscopy, we found that SMCs were significantly contracted after exposure to serum for 30 min (Fig. 3b) . Furthermore, when we applied interstitial flow (flow medium was DMEM without serum) to the SMCs in collagen gels, the cells contracted significantly after exposure to interstitial flow for 60 min (Fig. 3c) . KCl induces SMC contraction via Ca 2+ -dependent mechanism, 9 while both serum and 2D shear stress-induced SMC contraction are independent of Ca 2+ . 2,9 It would be interesting to determine whether 3D interstitial flow-induced SMC contraction in collagen gels is also independent of Ca 2+ and Rho-dependent. Our studies suggest that both laminar shear stress (2D) and interstitial flow (3D) can induce SMC contraction. These studies provide a new view of the mechanism of myogenic control of blood flow that regulates flow distribution in response to blood pressure changes. These studies also indicate that, in vascular injury, elevated shear stress 6 cells/mL; collagen concentration: 1.25 mg/mL) were loaded in 12-well cell culture inserts and incubated for 16 h. Then 250 lL of DMEM, fetal bovine serum (FBS, 10%) or KCl (110 mM) were added to the gels for 1 h. (b) Serum (10% FBS)-induced SMC contraction in collagen gels and cell shape tended to be less elongated at 30 min compared to 0 min; the average length to width ratio of the cells decreased to 38 6 5% (20 cells in the focal plane were randomly picked for the measurement from each image; p < 0.001) (images were taken by a Leica SP2 confocal microscope with 103 lens and zoomed in four times; these two images are not from the same field). (c) Interstitial flow (10 cmH 2 O) induces SMC contraction in collagen gels; the average length of the cells shortened to 72 6 7% (same 8 cells in the focal plane were measured in the two images; p < 0.001) compared to their initial average length (these two images were taken with 633 lens from the same field). Individual cell shortening is apparent in these fields. on contractile SMCs may be able to induce vasoconstriction that limits bleeding.
FLUID SHEAR STRESS AFFECTS SMC PROLIFERATION AND SURVIVAL
It has been shown that laminar shear stress activates signaling pathways that control EC to arrest in G 0 or G 1 phase, while disturbed flow accelerates EC turnover and low flow induces EC apoptosis.
8, 27 In 2D in vitro studies, laminar shear stress also reduces SMC proliferation, 15, 34, 58, 65, 95, 96, 98, 106 and inhibition of SMC proliferation may be mediated by transforming growth factor-beta 1 (TGF-b1). 106 In vivo studies of vascular SMC growth rates after balloon catheter injury have demonstrated an inverse correlation between growth rates and shear stress, 37 supporting the in vitro observations. Laminar shear stress can also induce SMC apoptosis by inhibiting Akt activity, 16 increasing expression of SMC tissue factor pathway inhibitor-2 (TFPI-2), 15 or via an autocrine Fas/FasL pathway.
4
Other 2D studies, however, have shown that pulsatile or oscillatory shear stress can promote SMC proliferation.
5, 26, 78, 88 The increased SMC proliferation is regulated by shear stress-induced activation of Akt and ERK1/2. 5, 26 Another recent study revealed that laminar shear stress can also induce expression of transcription factor early growth response-1 (Egr-1) in SMCs. 56 This induction is controlled by shear-induced c-Jun activation via an ERK1/2-and JNK-dependent and p38-independent mechanism. 56 
FLUID FLOW MODULATES SMC PHENOTYPE
Effects of shear stress on vascular EC differentiation have been well reviewed. 75 Shear stress can also modulate vascular SMC phenotype. It has been shown that shear stress induced in an orbital shaker reduces expression of SMC contractile markers (a-actin and calponin) and stimulates expression of synthetic phenotype markers (vimentin and b-actin).
5 Other studies indicate that laminar shear stress can also decrease the levels of SMC markers (a-actin, calponin, SM-MHC, and SM22), 83, 111 while increasing expression of EC markers (PECAM-1, vWF, and VE-cadherin). 111 The latter study suggests that shear stress might promote EC transdifferentiation from SMCs. 111 Most recently, Shi et al. 83 presented the first evidence that 3D interstitial flow also modulates expression of vascular SMC phenotypic markers. This study showed that interstitial flow (velocity: 0.5 lm/s; shear: 0.05 dyn/cm 2 , 4.5 h) inhibits expression of SM-MHC, smoothelin, and calponin genes in 3D collagen, which is consistent with 2D laminar shear stress (average shear stress: 8 dyn/cm 2 ; 15 h). However, in contrast to 2D laminar flow, interstitial flow enhances expression of a-actin and SM22 in 3D. 83 The differential effects of laminar flow and interstitial flow may be due to the different initial phenotypic state of the SMCs, because SMCs cultured in 3D collagen display less spreading and less proliferation and express lower levels of a-actin. 45, 72, 92 This study further demonstrates that modulation of SMC phenotype by both laminar flow and interstitial flow is dependent on mechanotransduction by heparan sulfate proteoglycan (HSPG)-mediated ERK1/2 activation. 83 Interstitial flow also induces a-actin expression in both FBs and MFBs in 3D collagen. 54, 83 Other in vitro studies showed that when immature, dedifferentiated vascular SMCs were seeded into 3D polymer scaffolds and exposed to both pulsatile strain and shear stress at the same time, SMCs displayed significantly increased ECM production, proliferation, and SMC marker expression. 33, 60 An in vivo study also demonstrated that when rat mesenteric microvessels (<40 lm in diameter) are exposed to elevated pressure and wall strain for 5 to 10 days, the microvessels exhibit an enhanced coverage of mature and differentiated SMCs expressing SM-MHC and a-actin.
107
Shear stress acting on ECs can induce syntheticto-contractile phenotypic modulation of SMCs both in vitro and in vivo. 59, 105 Taken together, the studies in this section have suggested that, during vascular injury, interstitial flow and shear stress may have significant effects on vascular SMC phenotypic modulation and thus contribute to vascular remodeling or lesion formation. However, shear stress appears to induce endothelial differentiation from embryonic stem cells 113 and bone marrow mesenchymal stem cells, 13 while stretch induces stem cell differentiation towards SMC. 89 Hydrostatic pressure promotes higher expression of SMC markers in stem cells than shear stress does, 36 and elevated pressure and wall strain enhance SMC coverage of microvessels. 107 These results indicate that mechanical strain and pressure may play more important roles than shear stress in vascular SMC development and arteriogenesis, while shear stress may be more important in vascular SMC pathology and disease.
FLUID FLOW REGULATES SMC AND FB MIGRATION
2D Shear Stress Affects SMC and FB Migration
Migration of vascular SMCs and FBs from the media and the adventitia play key roles in neointima formation, atherosclerosis, and restenosis. SMCs have displayed reduced migratory activity in response to elevated blood flow in a balloon catheter injury model in vivo. 37 SMCs have also demonstrated inhibition of migration in response to laminar shear stress (12 dyn/cm 2 ) in vitro via downregulation of matrix metalloproteinases (MMPs) and PDGF receptor-b. 64 Garanich et al. 19 observed that laminar shear stress (average~15 dyn/cm 2 ) suppressed SMC migration via NO-mediated downregulation of MMP-2 activity. Other studies, however, showed that pulsatile flow shear stress increases SMC migration in vitro. 29, 71 An in vivo vascular implant study indicated that vortex blood flow acting on ECs significantly induces SMCs migration via activation of ERK1/2 and myosin light chain kinase (MLCK). 21 Garanich et al. 18 revealed that shear stress could also inhibit MFB migration and promote FB migration. The enhancement of FB migration in response to shear stress suggests a pathophysiologic condition in which FBs are exposed to enhanced interstitial flow shear stress during arterial injury which stimulates their migration to the intima and accelerates lesion formation.
3D Interstitial Flow Promotes SMC and FB Motility
Fluid flow in the tissue interstitium is very low due to the resistance of ECM fibrils and cells. 41 It has been shown, however, that such low flow can significantly affect cell physiology and function.
11, 30, 32, [83] [84] [85] 87, 110 Wang and Tarbell 110 reported the first 3D interstitial flow effects on SMCs in vitro. They showed that there are dramatic differences in the cytokine release rates between cells in 2D and 3D models reinforcing the importance of studying vascular SMC and FB behavior in response to interstitial flow using realistic 3D in vitro models.
Recently, to investigate interstitial flow influences on SMC and FB motility, Shi and Tarbell established a 3D interstitial flow-cell migration assay using a modified Boyden chamber system. 84, 85, 87 In these studies, the flow period (up to 6 h) was separated from the migration period (48 h) to minimize possible flowinduced autologous chemotaxis effects on cell migration. 17, 85, 87 Using this 3D system, they have generated the following primary findings: (1) interstitial flow can promote rat vascular SMC, FB, and MFB motility in collagen gels by upregulation of rat interstitial collagenase (MMP-13) 85 ; (2) high intensity interstitial flow suppresses vascular cell motility due to a combination of effects including enhanced expression of tissue inhibitor of metalloproteinase-1 (TIMP-1) and cell apoptosis and necrosis 85 ; (3) flow-induced upregulation of MMP-13 is mediated by activation of ERK1/2 mitogen-activated protein kinase (MAPK) and the downstream transcription factor, activating protein-1 (AP-1), specifically c-Jun 84 ; (4) interstitial flow also induces p38 MAPK activation, but it seems that p38 MAPK does not play a major role in flow-induced MMP expression and cell motility, 84 supported by a recent report 56 ; (5) furthermore, cell surface glycocalyx HSPGs sense interstitial flow, mediating activation of focal adhesion kinase (FAK) and ERK1/2 signaling axis 87 ; and (6) finally, a conceptual mechanotransduction model was proposed in which cell surface glycocalyx, with cooperation of integrin-mediated cellmatrix adhesions and cytoskeleton rigidity, sense interstitial flow and activate the FAK-ERK axis, leading to upregulation of MMP-13 and cell motility in 3D. 87 This is the first study to describe a flow-induced mechanotransduction mechanism in 3D. It should be a good starting point for understanding flow-related mechanobiology in vascular remodeling and disease, stem cell differentiation and has implications in tissue engineering.
In 2D flow studies, laminar shear stress enhances FB migration, but inhibits MFB and SMC migration using Matrigel, gelatin, or fibronectin as substrate materials. 18, 19, 64 Other studies show that 2D pulsatile flow shear stress, however, increases SMC migration in vitro. 29, 71 In 3D flow studies, it has been demonstrated that interstitial flow can increase MMP activity and promote motility of FBs, MFBs, and SMCs in collagen gels. 85 Differences in flow pattern, shear stress level, matrix material, and system dimension (2D vs. 3D) undoubtedly contributed to these differences. In addition, in the more physiological 3D system, the distinct cell-matrix adhesions, 10 and other elements such as matrix structure, surface glycocalyx, and tethering may give rise to amplified mechanosignaling. 43, 68, 87 The underlying mechanotransduction mechanisms remain to be further investigated.
Limitations of Current 3D Studies
The 3D in vitro studies described above do have limitations related to the permeability of the matrix. The permeability of tissue is very important as it controls mass transport to cells by diffusion and convection, and shear stress on cells. The permeability depends strongly on the matrix material concentration. The Darcy permeability (K p ) is about 10 28 to 10 212 cm 2 for 2.5-45 mg/mL collagen gels, 55, 70, 85, 110 which is at least two orders higher than in the layers of the rabbit aortic wall (10 214 cm 2 ). 41 The interstitial flow velocities used in the 3D studies were greater than 0.5 lm/s, which is also substantially higher than the transmural flow velocity in the normal aorta (0.01-0.1 lm/s). 104, 109 However, the estimated shear stresses on suspended cells (0.05-1.0 dyn/cm 2 ) are in the expected range for the aorta. 85 Therefore, how the vascular SMCs and FBs respond to flow in a 3D model with similar shear stress but more physiological permeability, matrix structure, and flow velocity remain interesting, but challenging, to explore. The major components of the interstitial matrix of the media and adventitia are collagen I and III, produced by vascular SMCs and FBs. 69, 72 However, elastic fibers and proteoglycans are also abundantly presented in the interstitial matrix. 69, 72, 93 Therefore, it would be of great interest to determine the responses of vascular SMCs and FBs to interstitial flow in a mixed ECM model. This could include investigations of vascular wall cell responses to interstitial flow using a 3D model cocultured with ECs or using an intact or injured vessel that will faithfully recapitulate the in vivo environment.
FLOW-INITIATED MECHANOTRANSDUCTION PATHWAYS IN SMCs
To understand the mechanisms of vascular disease development, it is of great importance to unravel the mechanisms by which vascular wall cells sense and transduce the stimuli of hemodynamic forces (shear stress, cyclic strain, and hydrostatic pressure) into intracellular biochemical signals. 27, 39, 46 Studies of shear effects on SMCs reviewed above suggest that cell membrane-related receptors, ion channels, cell surface glycocalyx, as well as integrins are mechanosensors for shear forces, while NO, Ca 2+ , kinases, MAPKs are signaling messengers to shear-sensitive genes that regulate SMC responses including synthesis, secretion, proliferation, apoptosis, differentiation, and migration. Fluid flow may also regulate SMC contraction via glycocalyx-mediated Rho-MLCP pathway activation. In addition, vascular SMC surfaces also contain primary cilia, which may act as mechanosensors regulating Ca 2+ influx and SMC migration in response to flow or cell-ECM interaction. 50 The displacement of primary cilia and glycocalyx by flow may affect mechanosensitive membrane-related receptors, ion channels, integrins, or other structures. These shearinduced mechanotransduction pathways in vascular SMCs are briefly summarized in Fig. 4 .
In this model, cell surface glycocalyx HSPGs play a dominant role in sensing 2D laminar shear stress to control SMC contraction in vitro 1 and in sensing 3D interstitial flow to modulate SMC phenotype 83 and motility. 87 Cell contraction and migration requires integrin-mediated focal adhesion disassembly. Therefore, in 2D, shear forces may be sensed by the glycocalyx on the apical surface of the cell and then transmitted to integrins on the basolateral side via the cytoskeleton. 103, 112 In 3D, on the other hand, both integrin-mediated cell matrix adhesions and glycocalyx cover the entire cell surface, which may amplify flowmediated mechanotransduction of interstitial flow with its relatively small shear stress. [83] [84] [85] 87 It remains interesting to determine whether the primary cilia also sense interstitial flow. In addition, shear flow-sensitive signal transduction pathways may also be shared by stretch and pressure. 46 In vivo, SMCs may be exposed to different hemodynamic forces (shear, stretch, and pressure) at the same time, thus these hemodynamic forces may act in concert to regulate mechanosensitive signaling pathways controlling vascular function and disease. 25 
CONCLUSIONS AND FUTURE DIRECTIONS
Although direct shear effects on vascular SMCs and FBs have not been studied as extensively as on ECs and the mechanotransduction mechanisms by which vascular SMCs and FBs sense fluid flow require further investigation, the accumulating data demonstrate that the direct effects of shear stress and interstitial flow on SMCs and FBs can trigger cell signaling pathways leading to altered pathophysiological consequences associated with vascular remodeling and disease. We conclude that after endothelial damage, the alterations in fluid flow can be directly sensed by SMCs and FBs and trigger many mechanotransduction pathways that in turn induce profound changes in cell properties and functions including secretion, proliferation, motility, and contractility. Fluid flow modulation of SMC and FB phenotype from a quiescent state to a more activated state eventually contributes to vascular remodeling and disease.
Unlike ECs lining the luminal surface of the blood vessel wall, SMCs and FBs reside in a 3D ECM and are not normally exposed to blood flow, but to the more subtle interstitial flow. The orientation, morphology, and cell-cell and cell-matrix contacts are quite different between SMCs/FBs and ECs. The structures utilized by SMCs and ECs to sense fluid flow are also not the same, although there are similarities. For example, ECs can sense fluid shear through a cellcell junctional complex containing VE-cadherin and PECAM-1, 27, 44 which is not present in SMCs. However, both ECs and SMCs have a glycocalyx which participates in mechanotransduction, and both utilize integrins to bind to their ECM. In addition, the phenotypes of SMCs are highly plastic compared to those of ECs. These differences and others manifest themselves in distinct fluid flow responses between 2D (ECs) and 3D (SMCs/FBs) cellular environments.
After vascular endothelial damage, the shear flows experienced by SMCs and FBs are predominantly associated with 3D interstitial flow. 3D culture better represents SMC and FB in vivo physiology than 2D. Therefore, it is more physiologically relevant to investigate SMC and FB function and behavior (e.g., contraction, proliferation, differentiation, and migration) in response to interstitial flow in more sophisticated 3D models. In addition, sheared ECs have significant influences on SMC biology and function. Yet most co-culture studies have used EC-SMC directcontact co-culture models that omit the effects of interstitial flow. Therefore, cultured SMCs in 3D matrix and co-cultured ECs on the surface of the 3D matrix would more faithfully mimic in vivo physiological conditions, which may provide better views of the interplay between ECs and SMCs under laminar flow and interstitial flow. Furthermore, besides fluid flow, mechanical stretch and pressure also affect SMCs and FBs. Therefore, better understanding of flow-induced mechanotransduction in SMCs and FBs coupled with other hemodynamic forces may provide clues for treating vascular diseases including atherosclerosis, neointima formation, and restenosis, and have implications in vascular tissue engineering.
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